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Introduction
Chloroacetamides are biologically active sub stances which inhibit the germination of grass and some dicotyledonous weeds in a number of crops. This feature has led to commercialization of sev eral compounds as successful preemergence herbi cides. In the last few years, the introduction of new chloroacetamide and oxyacetamide herbicides, such as dimethenamid, mefenacet and flufenacet, has shown that this herbicide class is still going strong in agricultural applications, although allidochlor, the first chloroacetamide herbicide, was commercialized 40 years ago (Hamm, 1974) . In part, the success of these compounds is due to the absence of resistance problems and to their broad application through the use of safeners.
Much work has been done to localize the pri mary target. Many physiological effects in various crops and weeds have been reported, as well as many biochemical modifications in diverse biosyn thesis pathways (for a review see On 01.01.2015 it is planned to change the License Conditions (the removal of the Creative Commons License condition "no derivative works"). This is to allow reuse in the area of future scientific usage. We focused our efforts on the influence of chloroacetamides on lipid metabolism of the green alga Scenedesmus acutus. This unicellular alga is used as a model for higher plants as its lipid com position and biochemistry is very similar and, in particular, the algae is easy to grow and provides a hom ogeneous system for investigating molecular responses to external stimuli and stress factors. The availability of a metazachlor-resistant cell line of S. acutus (called Mz-1; Couderchet et al., 1995) was another advantage for mode of action studies with this organism. The first striking effect by micromolar concentrations of alachlor or metazachlor was a decrease of endogenous fatty acid desaturation after a 40-hour incubation of the wild-type (Weisshaar et al., 1988), while metazachlor did not cause any change in the fatty acid profile of the mutant (Couderchet et al., 1995). Even stronger affected was the incorporation of exogenously applied oleic acid into a non-lipid fraction (NLF) obtained after saponification of the cells. A 50% inhibition was found between 10 and 1 0 0 nM after a very short incubation time of 3.5 hours (Couderchet and Böger, 1993a). This in hibition was not found in the mutant, relating this effect with the herbicidal activity of metazachlor. Furthermore, the inhibition of oleic acid incorpo ration could be positively correlated with the growth inhibition of S. acutus wild-type cells by various acetamide herbicides. Besides chloroacetamides such as alachlor, metazachlor and m eto lachlor, and oxyacetamides like mefenacet and flufenacet, the new triazole herbicide cafenstrole was found very effective. Since the influence on oleic acid metabolism is specific to herbicidal chloroacetamides and related compounds, for the first time an assay could be developed to quantify the herbicidal activity of these substances. This assay is a quick one since labelled oleic acid is incorpo rated into an insoluble residue which can be ob tained by simple centrifugation and washing. No HPLC run is required (Couderchet et al., 1998).
All these compounds include an N, /V-disubstituted amide function which we postulate as the essential activity element. This moiety, however, is not responsible for herbicidal activity alone, since the /?-isomer of metolachlor and dimethenamid is almost ineffective. Accordingly, the respective Sisomers are much more effective to inhibit oleic acid incorporation into the NLF, which correlates exactly with their phytotoxic activity (Couderchet et a l, 1997).
As shown previously the NLF could be solubi lized in part (see M ethods) yielding a dioxane/HCl subfraction and a residue including sporopollenin (Couderchet et al., 1996). Both, residue and solu ble subfraction exhibited a similar inhibition of fatty acid incorporation. Accordingly, analysis of this soluble subfraction should reveal the nature of labelled m etabolites produced from applied oleic acid during its incorporation into sporopol lenin, and the particular biosynthetic step which is inhibited by acetamide herbicides. Comparative investigations with the metazachlor-resistant cell line Mz-1 accompanied these studies.
Materials and Methods

Biological material
The unicellular green alga Scenedesmus acutus 
Solubilization
After incubation the algal suspension was centrifuged (800 x g, 1 0 min), the culture medium discarded, and the algal cells were heated at 65 °C in 5 ml methanol for 10 min. The sample was cooled and centrifuged (800 x g, 1 0 min), and the pellet washed twice with chloroform/methanol (2 / 1, v/v). The resulting precipitate representing the non-lipid fraction (NLF) was treated according to the four-step solubilization procedure according to Couderchet et al. (1996) . The NLF was washed with phosphate buffer, and the pellet incubated successively with a-amylase and pronase (both from Sigma, Deisenhofen, Germany). Eventually, the remaining residue could be hydrolyzed in part with hot dioxane/HCl, then cooled, centrifuged, and an aliquot of the supernatant representing the dioxane/HCl-subfraction was counted for radioac tivity. For HPLC-analysis the dioxane/HCl-subfraction (5 ml) was extracted three times with 2 ml «-hexane after adding 5 ml water. The hexane ex tracts were dried under nitrogen, dissolved in 2 0 ^1 n-hexane, and injected into the HPLC.
HPLC was performed with a Kontron Analyti cal Constant Flow Pump (Neufahrn, Germany) using a C ]8 reversed-phase column (4 |.im particle size, 25 cm x 4.6 mm i.d., M acherey-Nagel, Oensingen, Switzerland) and a low-pressure gradient controller (CIM Autochrom; ERC, Alteglofsheim , Germany). The three mobile phase solvents were acetonitrile, methanol, and water containing 0 .1 % trifluoroacetic acid. The metabolites were sepa rated and eluted with a linear gradient from methanol/acetonitrile/water (10/80/10, v/v/v) to methanol/acetonitrile (10/90, v/v) over 10 min. Another linear gradient changed the solvent to 1 0 0 % meth anol within 20 min, after a 30 min isocratic period in the latter solvent mixture. Before reequilibrat ing, the column was rinsed for ten minutes with methanol (system I). In some experiments a sys tem (II) was used starting with acetonitrile/water (90/10, v/v) and changing within 10 min to 100% acetonitrile. Then, a linear gradient changed the solvent to 100% methanol within another 15 min. With this solvent the column was rinsed another 35 min. The HPLC flow rate was 1 ml/min. Radio labelled metabolites were detected with an on-line radioactivity detector (Ramona, Raytest, Straubenhardt, Germany) using the scintillation cocktail Flo-Scint III (Packard, Groningen, The Netherlands). In case of M S-detection, an on-line coupled Sciex API III electrospray mass spectrom eter was used, which was connected parallel to a radioactivity detector. Ionization was performed in the negative mode.
Extraction o f endogenous fatty acids
Freshly subcultured cells of the mutant Mz-1 or of the wild-type of S. acutus were grown under the above described conditions for 48 h in a volume of 220 ml. To extract the lipids and pigments of the algae, the suspension was centrifuged (4000 x g, 1 2 min), the growth medium discarded, and the cells were boiled in 1 0 0 ml methanol under reflux for 30 min. The cell debris was washed with 50 ml chloroform/methanol (2/1, v/v), 50 ml methanol, and then boiled under reflux in 1 0 0 ml phosphate buffer (50 m M , pH 7) for 30 min. The cooled sus pension was filtered and the solid residue boiled under nitrogen in 50 ml dioxane/2 m HC1 (9/1, v/v) for further three hours. After cooling, 50 ml water H P L C analysis and 20 [ig /7 -undecanoic acid (Sigma, Deisenhofen, Germany) dissolved in 20 [il n-hexane were added. This acid was used as internal standard. The dioxane/HCl-solution was extracted three times with 20 ml /i-hexane. From the combined extracts the hexane was evaporated and 400 [il boron trifluo ride in methanol (14%) were added to the residue. The closed reaction vessel was heated at 100 °C for 15 min and the fatty acid methyl esters were extracted with 400 [il n-hexane after adding 400 [il of water.
G C-Analysis
Fatty acid methyl esters were separated using a Shimadzu G C-15A gas chromatograph (Duisburg, Germany) fitted with a fused silica capillary col umn (SP-2330, 30 m x 0.25 mm i.d., Supelco, D eisenhofen, Germany), and equipped with a flame ionization detector (FID); carrier gas (he lium) was supplied at 25 ml/min. The GC condi tions were: injector and detector temperature, 250 °C; running temperature program, 50 °C for 1 min, then increasing at 10 °C/min to 190 °C and holding this temperature for 3 min, finally increas ing at the same rate to 230 °C and holding this temperature for another 18 min. Injection volume was 1 [il using a split of 50 ml/min and a purge of 10 ml/min. Identification was based on the reten tion times of commercially available reference methyl esters (Sigma, Deisenhofen, Germany) and confirmed by mass spectrometry.
Data reliability
The experiments were repeated at least three times; the MS-data are based on two independent experiments. The data from representative experi ments are shown here. The deviation from the mean within the repetitions did not exceed 1 0 %.
Results
The cells of the control samples incorporated 17% stearic acid and 6 % of the monounsaturated oleic acid applied. The inhibition of fatty acid in corporation into the dioxane/HCl-subfraction caused by 1 (iM metazachlor was strongest with oleic acid, since the radioactivity in that subfrac tion decreased by 92%, the incorporation of ace tate, palmitic acid and stearic acid decreased by 38 -5 2 % . The corresponding subfraction of the Mz-1 mutant cells showed a 4.5-fold decrease of radioactivity incorporated from the applied [14C]oleic acid compared with the wild-type. Moreover, 1 [iM metazachlor did not influence the amount of incorporation (Fig. 1) . About 40% of the radioactivity recovered in the dioxane/HCl-subfraction could be extracted with «-hexane regardless of incubation with herbicide (data not shown). In the control these extracts by HPLC indicated various radioactivity peaks less polar than the applied oleic acid (Fig. 2A) . In sam ples treated with metazachlor these metabolites could not be detected (Fig. 2B) . Without herbicide treatment the chromatogram of the corresponding extract from the metazachlor-resistant mutant showed a single peak only representing the ap plied oleic acid (Fig. 2C) , a finding similar to the inhibited wild-type.
The compounds less polar than oleic acid whose formation was inhibited by metazachlor and there fore present in control samples of the wild-type only were characterized by radio-HPLC/MS. Par allel to on-line detection by mass spectrometry the metabolites were detected by radioactivity which gave the masses of the molecular ions of the radio Retention time (min) detected metabolites (see Fig. 3 and Table I ). Since a negative ionization m ode was used, the com pounds were deprotonized in the ion source and converted into molecular ions of structure [M -H]-. The masses of these molecular ions detected at the retention times of the 1 4 C-peaks agreed with the theoretical masses of unlabelled deprotonized m o nounsaturated very long chain fatty acids (Table I) . The masses of molecular ions detected probably originated from saturated very long chain fatty acids such as arachidic acid (2 0 :0 ), behenic acid (22:0) and lignoceric acid (24:0). The saturated fatty acid and the monounsaturated hom ologue prolonged by two methylene groups could only be Table I . M olecular ions [M -H ]-m easured using the negative ionisation m ode at the reten tio n tim es indi cated (see Fig. 3 ) and suggested structures of the c o rre sponding fatty acids. For the fatty acid in the third col um n x:y, x rep resen ts the nu m b er of C atom s and y the n u m b er of double bonds. Table I and Fig. 3) . A c cording to the intensity of the different peaks in the radio-chromatogram, oleic acid seemed to be converted mainly to nervonic acid (24:1) and ximenic acid (26:1). A reduced VLCFA formation could also be found when incubating the cells with metolachlor (Fig. 4) . Furthermore, a stereospecifity showed up since the /?-enantiomer caused only a slight inhibi tion of the VLCFAs (Fig 4B) while incubation with 1 [im S-metolachlor led to an almost total decrease of these metabolites (Fig 4C) .
Investigations of the endogenous fatty acid content of the dioxane/HCl-subfraction by gas chromatography confirmed the tracing experi ments of above giving evidence that VLCFAs were hydrolyzed off with dioxane/HCl during the solu bilization procedure of the algae. The wild-type contains mainly fatty acids with a carbon number of 16 and 18, in particular, palmitic acid (16:0) with a relative amount of 39%, and also saturated and monounsaturated VLCFAs with a chain length of 24 and 26 carbon atoms (Fig. 5) . The relative amount of VLCFAs in the fatty acid content of that subfraction was about 24%. In contrast in the metazachlor-resistant cell line Mz-1 no monounsa- Parallel to radioactivity detection a mass spectrom etric m easurem ent was p e r form ed to characterize the unknow n peaks (see Table I ). turated VLCFA could be detected and only traces of saturated VLCFAs added up to a relative amount of about 4%. Compared with the wildtype the amount of long chain fatty acids in the mutant was more than twice as high mainly due to an 11-fold increase of oleic acid (18:1). In addition to a drastic change of the fatty acid profile, this resulted in a 1.9 fold higher level of the total fatty acid amount in the dioxane/HCl-subfraction.
Discussion
The extraordinary strong inhibition of oleic acid incorporation into an insoluble non-lipid fraction (NLF) of the cell wall caused by chloroacetamides is due to its inhibited incorporation into an insolu ble subfraction remaining after stepwise solubili zation of the NLF. This subfraction could be partly hydrolyzed by dioxane/HCl leading to a soluble subfraction also showing this strong inhibition of oleic acid incorporation (Couderchet et al., 1996) . While the incorporation of palmitic acid into the NLF was not inhibited by chloroacetamides (Kring et al., 1995) , the incorporation of oleic acid, acetate, and stearic acid into the dioxane/HCl-sub fraction was markedly reduced by 1 (tm metazachlor (Fig. 1) , although less than that of oleic acid. This finding indicates that the target enzyme of chloroacetamides may transform oleic acid to further intermediates. These intermediates, whose formation was completely inhibited by 1 [xm metazachlor, are less polar than the applied oleic acid ( Fig. 2A and B) . A less polar peak in this subfrac tion was reported previously but could not be fur ther separated or identified as chloroacetamide- Apparently the characterization of the interme diates originated from oleic acid discloses the bio synthetic step in fatty acid metabolism which is inhibited by herbicidal chloroacetamides. Hence, mass spectrometric investigations were performed using HPLC/MS with a radioactivity detector con nected in parallel, leading to the chemical struc tures of the inhibited metabolites. These could be identified as VLCFAs (Table I and (Fig. 4) .
Furthermore, the metazachlor-resistant mutant Mz-1, gives strong evidence that elongation to VLCFAs is the biosynthetic step inhibited by the chloroacetamides. The mutant does not elongate applied oleic acid (Fig. 2C) , no monounsaturated VLCFA could be detected, and the content of 24:0 and 26:0 was comparatively low while the 2 0 : 0 and 2 2 : 0 species seem ed to be slightly increased (Fig. 5) . The levels of palmitic acid, oleic acid, and its desaturated products are markedly higher. The 1 1 -fold higher oleic acid level and the precence of other long chain fatty acids apparently replacing VLCFAs in essential membranes or cell wall com ponents may be the reason for the resistance of the mutant to micromolar concentrations of m eta zachlor.
Considering the results of this study, our previ ous investigations, and reports by other laborato ries, we suggest that the phytotoxic activity of chloroacetamides and related compounds has its start at the elongase system leading to the inhib ited formation of VLCFAs resulting in their deple tion in biomembranes and other vital cellular con stituents. Further support is presented by Matthes et al. (1998), who could essentially verify the re sults with the model alga by corresponding find ings in higher plants. In order to characterize the primary target enzyme of these herbicides in-vitro investigations are in progress. 
